ABSTRACT: Specimen geometries have been developed to determine the mechanical properties of irradiated Zircaloy cladding subjected to the mechanical conditions and temperatures associated with reactivity-initiated accidents (RIA) and loss-of-coolant accidents (LOCA). Miniature ring-stretch specimens were designed to induce both uniaxial and plane-strain states of stress in the transverse (hoop) direction of the cladding. Also, longitudinal tube specimens were also designed to determine the constitutive properties in the axial direction. Finite-element analysis (FEA) and experimental parameters and results were closely coupled to optimize an accurate determination of the stress-strain response and to induce fracture behavior representative of accident conditions. To determine the constitutive properties, a procedure was utilized to transform measured values of load and displacement to a stress-strain response under complex loading states. Additionally, methods have been developed to measure true plastic strains in the gauge section and the initiation of failure using real-time data analysis software. Strain rates and heating conditions have been selected based on their relevance to the mechanical response and temperatures of the cladding during the accidents.
Introduction
The mechanical behavior of fuel cladding materials in light water reactors is degraded during steady state operation, through the mechanisms of oxidation, hydriding, and irradiation damage. Currently, utilities have been increasing the average discharge bumup of the fuel assemblies in an effort to reduce costs, outage times, and volume of waste associated with core reloads. However, the increased reactor exposure associated with higher fuel bumups results in additional cladding degradation. Also, utilities are increasing outlet coolant temperatures to improve thermal efficiency, which increases oxidation and hydrogen pickup. This increased degradation may increase the likelihood of cladding failure during design basis accidents (DBA). Cladding failure and subsequent fuel dispersal in the coolant are concerns during transient events, including the reactivityinitiated accident (RIA) and loss-of-coolant accident (LOCA). Therefore, international regulatory agencies and utilities have initiated experimental programs to determine the mechanical behavior of fuel cladding under RIA-and LOCA-type conditions; the results of these programs will be used to update fuel/cladding behavior databases and computer models, to improve predictions of deformation, and to help establish failure criteria.
This paper reports the techniques and procedures for determining both the constitutive properties and the failure behavior of cladding after irradiation to high fuel burnups. To accomplish this, we use miniature specimen geometries subjected to the loading and thermal conditions associated with RIA and LOCA transients. In this paper we discuss specimen geometries, procedures for determining constitutive properties, measurement techniques and experimental results, definitions of critical strains, equipment for specimen loading and heating, real-time data analysis package, and preparation of irradiated cladding and specimen fabrication.
Background
Zirconium-based alloys (e.g., Zircaloy) are used for fuel cladding because of their low neutron absorption coefficient, good resistance to high temperature corrosion, and adequate mechanical strength and thermal conductivity. Because zirconium and its alloys have a hexagonal closed-packed structure, mechanical strength and ductility differ in the transverse and longitudinal directions. This anisotropy is further enhanced during processing in which cladding tubes are extruded, resulting in a texture, where the basal poles are preferentially aligned at a 30-40 ~ angle from the radial' direction. Therefore, it is necessary to determine the mechanical behavior in both the transverse and longitudinal directions.
Existing mechanical property databases for Zircaloy include data from biaxial tube burst, axial tensile, and ring tensile tests for cladding irradiated up to about 60 GWd/MTU (~ 1.2 x 1026 rdm 2 fast [E > 1 MeV] neutron fluence) [1, 2] . However, the database for cladding irradiated to high fuel bumup is not extensive with regard to temperature and strain rates. Also, most of the tensile data is in the axial direction and the quality of the ring tensile data is suspect. During LOCA loading, which is dominated by gas pressurization, the stress ratio (hoop stress/axial stress = ~0/crz) has an approximate value of two and most of the deformation is in the hoop direction. For RIA loading, the stress ratio is expected to be in the range 1 _< (cr0/~z) < 2 due t'-, friction effects caused by fuel pellet-cladding mechanical interaction (PCMI). Therefore, it is essential to improve the quality of database to include accurate hoop properties and to broaden the investigation of highly degraded cladding, taking into account the combined effects of oxidation, hydriding, and radiation damage.
Specimen Geometries
Three types of specimens are used to impose a range of deformation paths on the cladding. Utilizing the results of previous studies [3] for testing tubing, the first specimen type has a modified ring geometry subjected to uniaxial tension, and in which the principal stress is in the hoop direction of the cladding. In addition, an axial specimen geometry, where the principal stress is in the longitudinal direction of the cladding, has also been used to determine constitutive properties. In order to characterize failure, this study adapts a plane-strain state of stress [4] [5] [6] to determine the cladding fracture behavior under near plane-strain tension in the hoop direction of the cladding.
Uniaxial Ring Stretch (RST) Specimen
The uniaxial specimen design, shown in Figure 1 , is based on a gauge length-towidth ratio of 4 (C/w ~ 4), in accordance with ASTM Standard Test Methods for Tension Testing of Metallic Materials (E8-96a). This (/w ratio differs from other RST specimen designs that rely on g/w ~ 1.5 [7, 8] . After yielding, a large (/w promotes uniform strain along the specimen length by delaying the onset of plastic instability (necking). Irradiated Zircaloy-4 is a low work-hardening material with strain-hardening exponent n 0.02, uniform strain is expected to be on the order of~ 0.02, which severely limits the determination of a stress-strain response before the onset of necking.
A uniaxial RST specimen with Uw = 4 is shown in Figure la (outer diameter and thickness are given in a range for the different sizes of cladding investigated in this study). Another specimen design with e/w = 1 was investigated, but this specimen resulted in highly non-uniform strain distributions in the gauge section and the rapid development of plastic instability shortly after yielding [9] . Along with the development of the uniaxial RST specimen, a technique has been developed to measure the strain distribution within a gauge section, much like gridding techniques used in sheet metal deformation studies of Zircaloy [10] . An array of Vickers microhardness indentation marks is applied to the gauge sections ofa uniaxial RST specimen (Figure la) . The spacing between pairs of adjacent indents were measured prior to testing (20) and after testing (Cf) such that a local true plastic strain could be determined.
Application of the indentation array utilizes a microhardness tester with a 1.0 kg load, an x,y-traveling micrometer stage, and an additional fixture that can rotate the specimen in arc-length increments of 1.000 + 0.005 mm. Using these three axes of motion, a single line of 13-15 indents is placed along the center-line of each gauge section with an initial indent-to-indent spacing of 0.500 + 0.005 mm (Figure la) . Therefore, compared to specimens with short gauge lengths that neck soon after yielding, this specimen design is better suited for determining the constitutive stress-strain properties. The data in Figure I b shows that specimen necking and fracture occur near the end of the gauge section (defined by the fillet); as will be discussed later in this paper, this failure occurs because of stress concentration, material anisotropy, and friction. FEA [9] indicates that the uniaxial RST and flat sheet uniaxial specimens behave similarly in the absence of friction. In both flat and RST specimens subjected to a uniaxial state of stress, failure is localized near the fillet.
Unlike the failure of irradiated cladding during an RIA event in which the fracture path is through the cladding thickness, the fracture of the uniaxial RST specimen occurs along planes inclined across the specimen width [4] . In previous studies ofunirradiated Zircaloy-4 subjected to uniaxial tension [4, 9] , the values of R and P, R = r and P = r ...........
~ thicknesx ~ thwkness were found to be 2.3 and 1.3, respectively. This implies that, under uniaxial tension, through-thickness slip is more difficult than through-width slip. Under uniaxial tension, Zircaloy-4 specimens tend to fail by shear across the width, unlike the through-thickness fracture that would occur during an RIA event. The onset of a localized necking instability has been analyzed by Chan and co-workers [11] such that necking will occur along slip bands at 40 ~ from the principal stress, which has been confirmed experimentally using the uniaxial RST specimen [4] .
Axial Tube Specimen
Because of the plastic anisotropy of cladding tubes, it is also necessary to determine the constitutive stress-strain and deformation properties in the longitudinal (axial) direction, in addition to the hoop direction. The gauge length-to-width ratio (Uw) _> 4 was also chosen for maximizing uniform strain and deriving a constitutive stressstrain response; the design is shown in Figure 2 and has (Uw) ~ 10. However, due to the limited amount and high dose rates of irradiated cladding, the design of the axial tube specimen must minimize material usage to maximize the number of specimens and limit dose to operators. From the results of Equation 1, we can see that R/P = 1.8 (plastic anisotropy, R/P=-6=,,,/c,r,,,~,,.~r~), which indicates that axial elongation will be significantly greater than transverse elongation. 
Determination of Constitutive Properties using Uniaxial RST and Axial Tube Specimens
In order to determine the constitutive stress-strain response ofuniaxial RST specimens, a procedure has been developed using FEA to determine an effective gauge length and a load-correction factor to account for the interaction between the specimen and loading grips. Typical load-displacement responses for the uniaxial RST and axial tube specimens are shown in Figure 3 .
From the load-displacement data (Figure 3a ) of the uniaxial RST specimen, the "apparent" engineering stress (Sappare,t) is obtained based on the load (P) applied to two gauge sections with an average width and thickness, assuming symmetric loading. The "actual" engineering stress (S~ct,at) is calculated by multiplying Sapp~r~,, by a correction factor (derived from FEA) to correct for the reaction force of the loading grips on the gauge section; nominal values of this correction factor range from 1. I-1.4 depending on the clearance between the gauge section and loading grips (described in later section). assuming a value of the "effective" elastic modulus, E). The plastic component of engineering strain (ep) is based on 8p and an "effective" gauge length (s which is derived from FEA-based numerical testing. The elastic component (ee) is calculated from the elastic component of Sactual and E. A similar procedure is utilized to calculate an engineering stress-strain response for the axial tube specimen; however, for this specimen, there are no complications due to specimen-loading grip interactions so that Sapp .... t -~ Sactual. Therefore, an engineering stress-strain response is generated for both uniaxial RST and axial tube specimens.
To validate the techniques and procedures for determining the engineering stressstrain properties of an isotropic material, 304 stainless steel (304SS), has been tested using uniaxial RST and axial tube specimens geometries. Figure 4 shows the engineering stress-strain curves for transverse and longitudinal specimens, determined on the basis of isotropic plasticity, for 304SS axial tube and uniaxial RST specimens as a function of coefficient of friction (p.). The circumferential stress-strain curve is shown to be relatively insensitive to coefficient of friction in the range 0_<kt<0.05; actual values of p. are estimated to be approximately 0.03 at room temperature. The uncorrected data of Figure 4 refers to an engineering stress-strain curve obtained by using the uncorrected load cell response to determine an engineering stress and the original gauge length of 4.06 mm (refer to Figure 1 ) to determine an engineering strain (e). The corrected data of Figure 4 takes into account the interaction between the uniaxial RST specimen and loading grips. Additionally, the corrected engineering strain is calculated by dividing the instantaneous 8p-value from the load-displacement response by C~ff(z 5.72 mm for the specific cladding dimensions used in this study); C~f/.has been determined by dividing the final plastic displacement (Sp) by the plastic strain representing the calculated crosssectional-average plastic strain at the mid-section of the gauge. For 0<kt<0.05, the corrected RST data coincides with the axial tube data, as expected for isotropic 304SS. Thus, this exercise validates the procedure developed for obtaining a stress-strain curve in the circumferential direction from the measured load-displacement data. 
The true stress-strain response is empirically modeled using the Power Law (o-=r for strains between the yield and ultimate strengths, where ~, is the yield strength, K is the strength coefficient, and n is the strain-hardening exponent. These parameters are used in computer codes for modeling the mechanical response of the cladding under RIA and LOCA transients. Using this procedure validated for an isotropic material, we have tested unirradiated (and anisotropic) Zircaloyr4 tubing. Figure 5 shows the results of loaddisplacement transformation to engineering stress-strain for both uniaxial RST and axial tube specimens. Also shown, the axial uniform elongation satisfies the criterion 6u -~ n, where n is strain-hardening exponent. On the other hand, the n-value for the circumferential curve is 0.06, but onset of failure occurs at 2% plastic strain. However, according to the strain distribution of Figure 1 b, the gauge section has deformed uniformly to approximately 0.05, which is consistent with the Eu ~ n. Finite-element analysis suggests that the stress concentration effects at the junction of fillet with the gauge section causes the specimen to fail prematurely at the fillet. Thus, the stress and plastic" strain at peak load for the uniaxial RST specimen are lower bounds to the ultimate tensile strength and uniform elongation. However, a sufficient portion of the initial circumferential (hoop) flow stress curve has been recorded from the load and plastic displacement reponse so that an n-value (= 0.06) can be determined with confidence ( Figure 5b ). The dashed line (Figure 5a ) is drawn with this value of the exponent up to a plastic strain of 6%. The estimated circumferential ultimate tensile strength and uniform elongation are tabulated in Figure 5a and are based on this dashed curve. It is suggested that the circumferential stress-strain curve would have followed the dashed curve had the specimen not failed prematurely at the fillet junction.
Therefore, it is possible to estimate the circumferential ultimate tensile strength and uniform elongation by using the criterion ~, ~ n, which is also satisfied by the axial tensile curve. The circumferential yield and flow stresses are ~ 10% higher than the axial yield and flow stresses. The estimated uniform elongations in the circumferential and axial directions are 6 and 7%, respectively.
Plane-Strain RST Specimen
As mentioned earlier, irradiated fuel cladding fails under RIA-type loading by through-thickness slip and under a biaxial state of stress. In contrast, in the absence of any constraint across the gauge width, the uniaxial RST specimen fails by slip across the gauge width such that extensive specimen width contraction occurs, unlike RIA-type failures. Therefore, an additional specimen design has been developed to impose the near plane-strain state of stress to simulate cladding deformation with hoop extension Z|rca ]oy,. 4 Unlaxial 
6---Plane-Strain RST Specimen design (dimensions in mm; not to scale).
followed by a fracture path of through-thickness slip, similar to the loading expected during an RIA. The plane-strain RST specimen design is shown in Figure 6 . To confirm that a plane strain stress state is imposed, a line ofmicrohardness indents was placed along the axial direction (notch-to-notch) of the plane-strain RST specimen at an initial spacing of 0.2 mm as seen in Figure 7a . Using a similar procedure as discussed for the uniaxial RST specimen, plastic strains were determined. The results of the plane-strain RST specimen tests are shown in Figure 7b . Testing was interrupted (i) after yielding, but prior to failure, and (ii) after fracture to determine the evolution of plane-strain deformation. The center 2 mm section (-1 mm-1 mm) shows a constant magnitude of axial strain (minor strain) of 3% whereas the regions outside the center 2 mm section show increasing deformation with near uniaxial tension at the notches. Defining the failure strains of Zircaloy cladding subjected to the near plane-strain stress state depends on whether failure is plasticity induced or caused by cracking of brittle material. A typical hoop (major) strain distribution for a plane-strain RST specimen, which was fabricated from unirradiated (and non-hydrided) Zircaloy-4 tubing and tested at room temperature, is shown in Figure 8a . The type of deformation in Figure  8a , referred to as Type I, is a plasticity-induced process such that the cladding extends uniformly to a true "limit strain" (sL,~,,) and then develops a plastic instability, 
--True major (hoop) strain distribution plots for (a) Type I (Plasticity-induced) deformation of non-hydrided Zircaloy-4 cladding and (b) Type H (Crack-initiationinduced) deformation of hydrided Zircaloy-4 cladding under near plane-strain conditions
resulting in localized necking and subsequent fracture as represented by a true "fracture strain" (Crr,,.,,r,). A second type of specimen deformation process, referred to as Type II (Figure 8b) , occurs if the cladding tube contains a brittle layer, such as ifa hydride layer is present. In this case, material deformation occurs by near-uniform extension of the cladding until microcracks form at a "crack-initiation strain" (rcr,~k). Once cracks initiate, the material adjacent to the free surface of the crack flank ceases to deform, "freezing" that material at the initiation strain (z~,ack). However, material distant from the crack continues to deform to a limit strain (eL~m,,). At that level of strain, deformation localizes in the form of crack opening displacements (large peak strains in Figure 8b) . Initial results indicate that Type II cracking is found in artificially-hydrided, unirradiated cladding and is expected to occur in irradiated cladding.
A method of determining 6L,~,,, has been developed using numerical integration. For each row of indents, the strain at a given position is summed at intervals of 0.2 mm. The limit strain is then calculated using the following equation:
t where e, is the local interval strain and dyi = 0.2 mm. This numerical integration does not include the strain associated with cracl{ opening displacements of the main crack that results in specimen fracture, but, rather, assumes continuity of strain, as defined by the strains adjacent to the main crack. For irradiated cladding tubes containing a thin layer of hydrides near the outer surface, the plane-strain RST specimen test combined with the analysis procedure described for the Type II failure process provides a measurement of cladding ductility and is best suited for determining a failure criterion under conditions like that of a RIA-type transient.
Testing Parameters
For RST Specimens, loading grip designs must account for specimen bending and effects of friction. Previous work by Arsene and Bai [3] has identified grip systems to mitigate specimen bending. The configuration of the loading grips for this program incorporates this previous work and is presented in Figure 9 . The central insert (shaped like a "dogbone" in Figure 9 ) is a rigid device that prevents bending of the gauge section by extending beyond the initial and final dimensions of the gauge section, as recommended by Arsene and Bai [3] . The central insert exerts a radial force, whose component is accounted for in the determination of c-e mentioned earlier.
Effects of friction have been determined to be significant for testing RST specimens. Although, Arsene and Bai [3] found that friction had little effect on cladding load-displacement response, an examination of strain distributions (such as those in Figures lb and 8) indicates that the limit strain (c,,.,,) for both uniaxial and plane-strain RST specimens is significantly reduced by friction. Using either Teflon'" tape or a tungsten disulfide (WS2) coating on the central insert increases the measured limit strain by 80% over the no-lubrication case for testing of uniaxial RST specimens.
The loading grips for the axial tube specimen are still under development. However, work performed to-date has utilized Swagelock | compression fittings in conjunction with rigid inner plugs and loading yokes to apply an axial load. The axial tube specimen was designed with a small cross-sectional area and, thus, low load capacity to accommodate Swagelock | fittings without slippage.
A software package has been developed to acquire and analyze load-displacement data. Incorporated into this package is a real-time data analysis tool that calculates the negative derivative of the load-displacement response, or -dP/dx, where P is load and x is actuator displacement. The load-displacement and derivative-displacement curves for a uniaxial RST specimen are given in Figure 10 . This derivative is used to establish the point at which the material begins to fail and necking occurs. At the onset of failure, presumably at maximum load, a sudden increase in -dP/dx is observed (Figure 10 ) and the load-carrying capacity of the material is significantly reduced. Once this point is detected, the test can be stopped in order to measure strain distributions without the complicating effect of a localized plastic instability. Strain rates have been chosen that are relevant to either RIA or LOCA conditions. Specifically, a strain rate of 10-3/s was chosen for LOCA-relevant testing, based on an estimate of load-controlled conditions during pressurization of the cladding due to fill gas (He) and fission gas release from the fuel pellets; note that the initial fill gas pressure is significant (up to 3 MPa at room temperature for Zircaloy-4). Whereas, a strain rate of 1/s for RIA-relevant testing is based on a combination of load-and strain-controlled loading from rapid expansion of the fuel pellet causing pellet-clad mechanical interaction (PCMI) with an associated friction coefficient and gas loading from sudden release of fission gases [12] ; note that the strain rate during an RIA can be > 1/s.
Temperatures and heating rates have been chosen to determine the temperaturedependence on the mechanical properties of cladding materials while relevant to the thermal conditions of LOCA-type and RIA-type transients. For RIA-relevant testing, temperatures range from 25-400~ (298-673K) and a heating rate of approximately 100~
(relevant only to pressurized water reactors) [ 12, 13] . For LOCA-relevant testing, temperatures range from 25 to 800~ and a heating rate of 5~ Thermal annealing of irradiation damage and cold-work during testing occurs if the material is kept for a significant time above a temperature between 600~ and 800~ which causes the mechanical properties of irradiated cladding to approach that of unirradiated cladding at elevated temperatures [7] .
Specimen Preparation for Irradiated Specimens
In a hot cell, a 5-inch long section of cladding is placed in a nitric acid (HNO3) bath for 1-2 days to remove the fuel. Using a pair of diamond files, the oxide on the outer surface of the cladding is partially removed to establish an electrical circuit for specimen fabrication using an Electrical Disharge Machine (EDM). Particular care is taken not to remove any hydrides (in the form of circumferentially-oriented platelets near the outer surface) since the mechanical behavior of the cladding has been found to be greatly influenced by hydride content and distribution [14] . Grit paper is used to remove any machining burrs, potential flaws created during the EDM cutting, and roughness of the inner surface to limit friction effects.
The dimensions of each specimen are measured to verify design specifications and determine gauge section dimensions for stress-strain calculations. RST specimens are placed in the microhardness tester in order to apply arrays ofmicrohardness indents and to measure indent-to-indent spacings before testing. After testing the RST specimens, indent-to-indent spacings are again measured using the microhardness tester to determine plastic strains.
Conclusions
An experimental program has been initiated to investigate the mechanical properties in the longitudinal and transverse directions of high-bumup, light water reactor fuel cladding using small specimen geometries and minature loading fixtures. Testing conditions have been identified to generate data relevant to the loading and thermal conditions of reactivity-initiated accidents (RIA) and loss-of-coolant accidents (LOCA). To accomplish this task, the following issues have been addressed: 1. Specimen geometries have been optimized to determine the constitutive stressstrain properties of the cladding in both the hoop and axial directions. In contrast to other ring stretch specimen (RST) geometries that rely on short gauge lengths, the uniaxial RST specimen, based on a gauge length-to-width ratio of four, have been chosen to optimize uniform deformation for determination of stress-strain responses in the hoop direction. An axial tube specimen is also being used to determine constitutive properties in the axial direction of the cladding.
2. In order to determine the failure behavior of cladding under RIA-type conditions, a plane-strain RST specimen has been employed. Two modes of failure have been identified in Zircaloy cladding. A plasticity-induced deformation process (Type I) occurs in unirradiated cladding, whereas, failure involving crack initiation and extension due to crack-opening displacement (Type II) occurs in unirradiated cladding containing a hydride layer near the outer surface. It is expected that cladding irradiated to high fuel burnups, and which is heavily hydrided, will have limited ductility and fail by the Type II process.
3. Loading grips for testing RST specimens have been designed to mitigate bending effects and friction by utilizing a central insert coated with Teflon TM or tungsten disulfide. Both Finite Element Analyses and experimental results have confirmed that bending and friction significantly influence the determination of constitutive and deformation properties.
4. A data acquisition and analysis package has been developed to determine the onset of failure during testing of irradiated cladding. By determining the real-time first derivative (-dP/dx) of the load-displacement response, failure is defined at the point of load-loss capacity. This will allow the measurement of strains at the onset of failure without the complicating effects of strain accumulation during plastic instability.
